The members of the nuclear receptor (NR) superfamily are transcription factors characterized by a particular mode of function, which is related to the conserved nature of their molecular structure. NR proteins usually contain a DNA-binding domain (DBD) and a ligand-binding domain (LBD) allowing them to directly bind to DNA and regulate target gene expression in a ligand-dependent manner. In this review, we are summarizing our current understanding of the NR diversity in the cephalochordate amphioxus, which represents the best available proxy for the last common chordate ancestor both in terms of morphology and genome organization. The amphioxus genome encodes 33 NRs, which is more than expected based on its phylogenetic position, with at least one representative of all major NR groups, excepting NR1E and NR1I/J. This elevated number of receptor genes shows that the amphioxus NR complement has experienced some secondary modifications that are most evident in the NR1H group, which is characterized by three members in humans and ten representatives in amphioxus. By highlighting specific examples of the NR repertoire, including the receptors for retinoic acid, thyroid hormone, estrogen and steroids as well as the bile acid and oxysterol receptors of the NR1H group, we are illustrating the functional diversity of these receptors in amphioxus. We conclude that the amphioxus NRs are valuable models for assessing the evolutionary interplay between receptors and their ligands and that more integrative and comparative approaches are required for assessment of the evolutionary plasticity of receptor^ligand interactions revealed by the studies of amphioxus NRs.
NUCLEAR RECEPTOR FUNCTIONS IN EVOLUTION
The nuclear receptors (NRs) constitute a superfamily of transcriptional regulators involved in a wide range of biological processes, including development, cellular differentiation and the control of homeostasis [1] . NRs share a common structure composed of different functional domains, the most important being the DNA-binding domain (DBD) and the ligand-binding domain (LBD) ( Figure 1A) . NRs have the capacity to directly bind to DNA allowing the regulation of target gene transcription in a ligand-dependent manner [1] .
Based on their ligand-binding capacities, two different categories of NRs can be distinguished: liganded receptors and non-liganded receptors; the latter are referred to as orphan receptors. The first category includes receptors, such as RARs (retinoic Claire Lecroisey is a postdoctoral researcher working on the evolutionary diversification of nuclear receptors after lineage-specific duplication. Vincent Laudet is a professor at the Ecole Normale Supérieure de Lyon, France, interested in the evolution of the nuclear receptor superfamily. Michael Schubert is a research scientist with the French Centre National de le Recherche Scientifique (CNRS). His research activity focuses on the evolution of retinoic acid signaling, which is controlled by nuclear receptors. acid receptors), TRs (thyroid hormone receptors), ERs (estrogen receptors) and the SRs (steroid receptors), all of which activate transcription in the presence of their respective ligands: retinoic acid (RA) (i.e. all-trans RA) for RAR, thyroid hormone (i.e. triiodothyronine, also called T3) for TR, estrogens (i.e. 17b-estradiol) for ER and androgens, glucocorticoids, mineralocorticoids and progesterones for the four different SR paralogs [2] [3] [4] [5] .
The category of liganded receptors is extremely diverse in terms of interaction with their cognate ligands [1, 6] and can chiefly be separated into two categories: (i) high-affinity receptors with very specific ligands (recognized and bound in the nanomolar range) [1] , which include the classical NR hormones (for example all-trans RA, T3 and 17b-estradiol) and (ii) sensor receptors with diverse ligands bound with low affinity in the micromolar range [1, 6] . Interestingly, the size of the ligand-binding pocket (LBP) formed by the LBD varies significantly between the two categories of liganded NRs, with small LBPs found amongst the high-affinity receptors and large LBPs characterizing the sensor receptors [6, 7] .
The second category contains receptors, for which a ligand regulating their activity has not been described [1] . Some of these receptors, such as NURR1 (NUR-related factor 1), which is an important mediator of brain development [8] , are probably true orphan receptors, as they are completely devoid of a LBP [9] , but the majority of orphan receptors probably have unknown ligands. For example, the REV-ERB (reverse c-ERBA) receptors have recently been shown to bind with very high affinity heme molecules, which represents the very first demonstration of a signaling function for this molecule class [10] . Moreover, molecules that are the product of fatty acid and cholesterol metabolism have been proposed as NR ligands, a fact that has important repercussions on our understanding of the roles played by metabolites in controlling their own synthesis and degradation [11, 12] .
Given this diversity of receptor-ligand interactions, it is difficult to generalize the mechanisms by which NRs regulate the transcriptional activity of their target genes [1] . Some generalized statements about the mode of NR functions can however be made ( Figure 1B ). For example, vertebrate NRs usually bind to DNA as dimers, either as homodimers (as is the case for ER) or as heterodimers with RXR (retinoid X receptor) [1] . Moreover, many liganded A typical NR is composed of five different domains: the N-terminal A/B domain is variable in size and sequence, the C domain is highly conserved and contains the DBD, the D domain corresponds to a flexible hinge region, the E domain is moderately conserved and contains the LBD and the C-terminal F domain, which is variable in size and sequence and not present in all NRs. Arrows indicate the positions of the two protein regions mediating the activation of transcription [activation factor (AF)-1 and AF-2]. (B) NR function: the example of ligand-activated transcription. NRs dimerize and enter the nucleus, where they bind to hormone response elements (HREs) in the regulatory region of target genes. In the absence of ligand, a co-repressor complex is recruited to the NR dimer to actively repress transcription. In the presence of ligand, the co-repressor complex dissociates and a co-activator complex is recruited resulting in activation of the transcriptional machinery. This mode of NR function is observed, for example, for the RAR (retinoic acid receptor) and RXR (retinoid X receptor) heterodimer, which mediates retinoic acid (RA) signaling.
receptors act as transcriptional repressors in the absence of ligand with co-repressor complexes being associated with the NRs bound to DNA [1] . In presence of ligand, the co-repressor complex dissociates and co-activators are recruited to mediate transcription [1] .
Phylogenetic analyses have indicated that NRs arose very early in the metazoan lineage long before the divergence of protostomes and deuterostomes [13] [14] [15] . In addition, the evolutionary diversification of the NR superfamily is relatively well understood, with the major events of gene duplication and gene loss having been mapped on the metazoan tree [13] [14] [15] . For example, it has been proposed that one or two NRs were present at the base of metazoans, 25 at the base of bilaterians and 23 at the base of chordates [13] [14] [15] . Surveys of the NR complements of extant species support this notion, with two NRs in the sponge Amphimedon queenslandica, 17 in the cnidarian Nematostella vectensis, 27 in the polychaete annelid Capitella teleta, 23 in the limpet mollusk Lottia gigantea, 21 in the insect Drosophila melanogaster, 32 in the sea urchin Strongylocentrotus purpuratus, 33 in the cephalochordate Branchiostoma floridae, 17 in the urochordate Ciona intestinalis and 48 NRs in humans (Homo sapiens) [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] (Gabriel V.
Markov, personal communication).
Although NR functions and phylogeny have received considerable attention in the scientific community, a key question of NR evolution is still unanswered: what was the first NR like? Two mutually exclusive models have initially been proposed to address this question: while the 'orphan early' view stated that the first NR was an orphan receptor that has gained ligand-binding ability during evolution [23] , the 'ligand exploitation' model suggested that the first NR was a high affinity receptor [24, 25] . Recent advances in NR research, in particular the introduction of the concept of liganded NR sensors, have led to the secondary modification of these hypotheses: while some groups now postulate that the first NR was a liganded sensor with relatively low affinity either for lipids obtained from the diet [6, 11] or for molecules external to the host organism, hence acting as an environmental sensor [7, 26] , others suggest that the ancestral NR was a liganded receptor binding a specific endogenous or exogenous compound, possibly a fatty acid [14] . Yet, these novel models do not provide an explanation for the problem that the evolutionary constraints acting on the receptor and on the ligand tend to be drastically different: while NRs are encoded by genes within a genome, NR ligands are the result of metabolic pathways that, for a given animal, can either be intrinsic or extrinsic [27] . As we will explore in the following, the cephalochordate amphioxus might actually represent an invaluable model to address this fundamental problem of NR evolution.
AMPHIOXUS AND NR DIVERSIFICATION
The cephalochordates (chiefly referred to as amphioxus) constitute the most basal group within the chordate phylum, which also includes the urochordates (or tunicates) and the vertebrates [28] [29] [30] . It is now widely accepted that amphioxus represents the best available proxy for the invertebrate chordate ancestor of vertebrates, both in terms of morphology and genomic organization. Amphioxus is characterized by an overall body plan and a genome that are both vertebrate-like, but simpler [28] [29] [30] . While amphioxus and vertebrates share morphological characters, such as a dorsal, hollow nerve cord, a notochord, segmented musculature, a post-anal tail and pharyngeal gill slits, amphioxus lacks vertebrate-specific features, like definitive neural crest cells and placodes [28] [29] [30] . Moreover, the amphioxus genome closely resembles that of vertebrates, both in terms of gene family content and genomic linkage [19, 20] , with one very important exception: the amphioxus genome has not undergone the two rounds of whole-genome duplication (WGD) typical of vertebrate genomes [19, 20] . For a given gene, there is thus usually only a single ortholog in the amphioxus genome, while vertebrate genomes encode two, three or four paralogs depending on the gene-specific losses experienced after the WGDs (Figures 2A and 3A) .
Studies of amphioxus NRs have mainly been taking advantage of the biological and genomic resources available for the Florida amphioxus (B. floridae), although ongoing animal husbandry and genome sequencing projects for both the European (B. lanceolatum) and Chinese (B. belcheri) amphioxus as well as the establishment of spawning and breeding protocols for Asymmetron lucayanum, a basal cephalochordate, will provide additional valuable tools for comparative NR analyses in the not too distant future [28] [29] [30] .
Different analyses of the amphioxus NR complement have revealed a total of 33 NRs [19, 21, 23, 27, [31] [32] [33] [34] [35] [36] . There is at least one amphioxus representative of all the major NR groups, with the notable exception of the NR1E and NR1I/J receptors, the latter of which containing vertebrate VDR (vitamin D receptor), CAR (constitutive androstane receptor) and PXR (pregnane X receptor) ( Figure 2A and B) [21] . Interestingly, while NR1E receptors are also absent from urochordate and vertebrate genomes, members of this group have been identified in arthropods and echinoderms, suggesting a secondary loss of these receptors in all chordates (Figures 2A and 3B) [6, 21] .
Apart from these gene losses, amphioxus usually has one ortholog for a given group of vertebrate NRs. Thus, the amphioxus genome encodes a unique ortholog of the different vertebrate paralogs of TR, RAR, PPAR (peroxisome proliferatoractivated receptor), REV-ERB, ROR (retinoidrelated orphan receptor), HNF4 (hepatocyte nuclear factor 4), RXR, TR2/4 (testicular receptor 2/4), TLX (tailless receptor), PNR (photoreceptor-specific nuclear receptor), COUP-TF (chicken ovalbumin upstream promoter-transcription factor), ER, ERR (estrogen receptor-related receptor), SR and GCNF1 (germ cell nuclear factor 1) [21] . Moreover, amphioxus only has a single ortholog of the NR0B group, which in vertebrates includes DAX1 (dosage-sensitive sex reversal-adrenal hypoplasia congenita critical region on the X chromosome protein 1) plus SHP (small heterodimer partner), of the NR4A group, composed in vertebrates of NGFI-B (nerve growth factor-induced clone-B), NURR1 plus NOR1 (neuron-derived orphan receptor 1), and of the NR5A group, which in vertebrates comprises SF1 (steroidogenic factor 1) plus LRH1 (liver receptor homolog 1) [21] .
In the amphioxus genome, there are also orthologs of the sea urchin NR7 subfamily receptor as well as of the fruit fly and sea urchin NR5B group receptors (Figure 2A) . Surprisingly, representatives of both the NR7 subfamily and of the NR5B group are seemingly absent from urochordates and vertebrates [21] , suggesting that these receptors have been lost in the lineage leading to extant urochordates and vertebrates after the split from the cephalochordate lineage ( Figure 3B ). It should be added that the NR7 receptors represent a particularly fascinating case of a completely new NR subfamily, for which absolutely no functional data are available. Taken together, these examples of the NR7 and NR5B receptors nicely illustrate the usefulness of amphioxus (and of increasing the range of models used for comparative genomic analyses) for retracing the evolutionary diversification of NRs. In addition to these very conserved features, the analysis of the amphioxus NR complement has also revealed some lineage-specific modifications. As a matter of fact, the amphioxus genome encodes more NRs than predicted for a basal chordate: while the number of NRs encoded in the genome of the chordate ancestor has been estimated at 23 [15] , the amphioxus genome actually contains 33 NRs [21] . This difference is mainly due to duplication in amphioxus of the representatives of two distinct NR groups: the NR1Hs and the NR2Es [21] .
Amphioxus thus has an additional NR2E (i.e. TLX/PNR-group) receptor, which is the likely result of a cephalochordate-specific duplication event [21] . Moreover, amphioxus has also duplicated its NR1H-group receptors, with a total of 10 members in amphioxus (called NR1H-1 to NR1H-10) compared to only 2 in humans (LXR, the liver X receptor, and FXR, the farnesoid X receptor) [21] . Importantly, while one of the 10 amphioxus NR1Hs, NR1H-8, seems to be more closely related to the vertebrate LXRs, the other 9 amphioxus NR1Hs preferentially group with the vertebrate FXRs ( Figure 3C ) [21] . It should be noted that none of the amphioxus NR1H duplicates is associated with the NR1H1 receptors that include the arthropod ecdysone receptor (ECR) ( Figure 3C ) [21] .
The unexpected diversity of amphioxus NR1H receptors is likely the result of lineage-specific tandem duplications, as suggested by phylogenetic and genome linkage analyses [21] . These amphioxus-specific duplication events are reminiscent of the massive duplication of HNF4s in the nematode worm Caenorhabditis elegans giving rise to In amphioxus, the NR1H receptors have undergone lineage-specific expansion resulting in a total of ten amphioxus NR1Hs. Of these receptors, amphioxus NR1H-8 is the likely ortholog of mammalian vertebrate LXRs, while the other nine amphioxus NR1Hs are associated with mammalian vertebrate FXRs. The phylogeny is based on an amino acid alignment of the LBDs of the NR1H group receptors from amphioxus (Branchiostoma lanceolatum), sea squirts (Ciona intestinalis) and humans (Homo sapiens). The ECR group with sequences from fiddler crab (Celuca pugilator), fruit fly (Drosophila melanogaster), tick (Amblyomma americanum) and water flea (Daphnia pulex) was used as outgroup. The alignment is available from the authors. Phylogenetic trees were calculated using both the NJ and ML methods [12] . Bootstrap support values (NJ/ML) calculated in 1000 replicates are given at each branch.
more than 250 HNF4-like duplicates in the C. elegans genome [37] . In contrast to the plethora of HNF4-like receptors in C. elegans, with its manageable size of only 10 duplicates the amphioxus-specific NR1H expansion represents an excellent model to study, in both functional and evolutionary terms, the fate of duplicated genes.
Finally, there are also two divergent NRs encoded in the amphioxus genome [21] whose phylogenetic position within the NR superfamily remains to be established (Figure 2A ). These two divergent NRs might either be duplicates of amphioxus receptors that have evolved very rapidly, which blurred their evolutionary origins, or, alternatively, might be representatives of an ancient NR subfamily, most members of which have secondarily been lost in the metazoan lineages analyzed so far. The detailed analysis of various metazoan genomes, including those of different cephalochordates, will very likely provide valuable clues to resolve this conundrum.
In sum, the amphioxus NR complement is characterized by both conserved and divergent features. While the conserved elements are represented by single amphioxus receptors for multiple vertebrate paralogs, the divergent aspects of amphioxus NRs are exhibited by cases of lineage-specific gene duplications and losses [21] . In the following, we will explore some examples of amphioxus NR biology, discussing both conserved and divergent aspects of NR functions, in order to highlight the importance of the amphioxus model for understanding NR evolution, both in terms of phylogenetic diversification and functional innovation.
AMPHIOXUS RAR AND THE EVOLUTION OF RETINOID SIGNALING
The vitamin A-derived morphogen RA plays important roles during vertebrate development, for example in axial patterning and organogenesis [38, 39] . The biological functions of RA are chiefly mediated by heterodimers of two NRs: RAR and RXR [38, 39] . Within the RAR/RXR heterodimer, RXR plays a subordinate role with RA-dependent functions being activated by RA binding to RAR ( Figure 1B) [4, 40] and a physiological role for liganded RXR still remains to be demonstrated [4, 40] . Vertebrate genomes encode at least three RARs (, b, ) and three RXRs (, b, ) [4, 38, 39] .
In contrast, amphioxus only has a single RAR and a single RXR, which form a single RAR/RXR heterodimer that controls target gene activation in a RA-dependent manner [32, 41] .
Amphioxus RAR, like its vertebrate paralogs, binds to and is activated by all-trans RA [32, 42] . Using ligands specific for the different mammalian paralogs of RAR (, b, ), it was shown that the ligand-binding capacities of the amphioxus RAR most closely resemble those of vertebrate RARb, suggesting that the ancestral vertebrate RAR was of the RARb type and that the ligand-binding abilities of RAR and RAR have experienced secondary modifications in the course of vertebrate diversification [42] . Analyses of the expression patterns of the three vertebrate RAR paralogs and comparisons with the developmental expression of amphioxus RAR further indicate that, after duplication, in addition to the ligand-binding characteristics, RARb has also maintained the gene expression domains of the ancestral RAR and that the two other paralogs, RAR and RAR, have been subjected to alterations of their transcription patterns, which is suggestive of the acquisition of novel functions by RAR and RAR during vertebrate evolution [42] .
Concerning the functions of the single RAR in amphioxus, several studies have assessed the developmental roles of this receptor in the context of the RA signaling cascade [32, 41, [43] [44] [45] [46] [47] [48] [49] [50] . Altogether, this work has demonstrated that amphioxus is characterized by a vertebrate-like RA signaling cascade, both in terms of molecular composition and biological functions, with the important difference of a lack in amphioxus of genetic redundancy [29] . In contrast, RA signaling in urochordates that also generally lack genetic redundancy has secondarily been modified. For example, while in both vertebrates and amphioxus RAR is directly regulating its transcription in a RA-dependent manner [41] , this feedback loop is not conserved in the ascidian urochordate C. intestinalis [51] and, in the appendicularian urochordate Oikopleura dioica, the RAR gene has been lost altogether [52] . Taken together, the amphioxus RA signaling cascade controlled by a single RAR/RXR heterodimer thus represents a unique system to reconstruct the ancestral chordate RA signaling network that has been secondarily modified in urochordates and significantly expanded in vertebrates after two rounds of WGD.
AMPHIOXUS TR, ER, SR: CONSERVED RECEPTORS, DIVERGENT FUNCTIONS
The amphioxus genome contains a single ortholog of each of the three main NR groups controlling the major axes of the vertebrate endocrine system [21] : the receptors for thyroid hormones (TR), estrogens (ER) and other major steroids (SR). In each case, the unique amphioxus NR corresponds to two or four mammalian vertebrate paralogs: respectively, TR and TRb, ER and ERb and the four steroid receptors, for androgen (AR), glucocorticoid (GR), mineralocorticoid (MR) and progesterone (PR) [21] . Thus, the ligand-binding situation for the amphioxus receptors initially seemed quite simple: two of these three amphioxus NRs were hypothesized to bind the corresponding mammalian vertebrate hormone: T3 for amphioxus TR and 17b-estradiol for amphioxus ER [6, 15] . For amphioxus SR, the predictions were more complex, since, based on the ligands of the four mammalian vertebrate SRs, it was very difficult to predict the substrate recognized and bound by the single SR of the last common invertebrate chordate ancestor of vertebrates [6, 15] .
The functional characterization of each of the amphioxus receptors has revealed that the situation is actually much more complex [27, 35, 53, 54] . For amphioxus TR, for example, it was shown that T3 is a very poor ligand and that this receptor recognizes with high affinity a deaminated derivative of T3, called TRIAC (triiodothyroacetic acid), which is endogenously present in amphioxus [35, 55, 56] . Intriguingly, although not recognized by amphioxus TR, T3, which is very well known for its control of gnathostome vertebrate metamorphosis, can prematurely trigger metamorphosis in amphioxus, as can TRIAC [35] . It is likely that in amphioxus the effect of exogenous T3 on metamorphosis is mediated by TRIAC, which is an endogenous metabolite of T3 [35, 56] .
Sequence analyses indicate that amphioxus TR is probably unable to efficiently bind T3, because its LBP is smaller than that of its gnathostome vertebrate orthologs and can thus accommodate only TRIAC, which is smaller than T3 [35, 56] . Amphioxus also possesses deiodinases, enzymes implicated in thyroid hormone metabolism, specifically recognizing TRIAC, but not T3 [34, 57] . Altogether, these data support the notion that TRIAC, and not T3, is the bona fide ligand of amphioxus TR and suggest a shift in TR ligand preference between cephalochordates and vertebrates.
In contrast, the downstream gene network controlled by TR seems to be at least partly conserved between cephalochordates and vertebrates. For example, hepatic expression of C/EBP/b (CCAAT/ enhancer-binding protein /b) is mediated by TRs in both amphioxus and vertebrates [55] . Given the absence of detailed functional characterizations of the TR orthologs in other deuterostome groups, such as urochordates, echinoderms or hemichordates, it remains to be established, whether TRIAC or T3 was the preferential ligand of the ancestral chordate TR. This example nonetheless shows that the precise function of a NR cannot be determined by its phylogenetic position within a tree, because some very minor (point) mutations can have profound effects on the specificity of the receptor for its ligand [15] .
The ligand-binding properties of amphioxus ER and SR lend further support to this notion. When the amphioxus set of NRs was first characterized, it was observed that, although unique orthologs of ER and SR were present in the amphioxus genome, the LBD of amphioxus SR more closely resembled those of vertebrate ERs and not those of vertebrate SRs [19, 21] . The molecular characterization of amphioxus SR subsequently revealed that this receptor is indeed unable to bind any of the vertebrate SR ligands, but that it does, in turn, recognize and bind 17b-estradiol, the predominant estrogen hormone ligand of vertebrate ERs [27, 54] . In contrast, amphioxus ER neither binds 17b-estradiol, nor any other of more than 30 different steroids or lipid derivatives tested [27, 53, 54] . These data suggest that amphioxus ER might be an orphan receptor and that, in amphioxus, SR carries out vertebrate ER-like functions [58] . Alternatively, it may be that the amphioxus ER is not an orphan receptor and that this receptor binds to a unique, yet unidentified, estrogen [58] .
Since, in contrast to amphioxus ER, 17b-estradiol can activate the annelid ER [59] , it has been hypothesized that estrogens are the ancestral ligands for receptors of the ER and SR group and that subsequent mutations of an ancestral SR have allowed the exploitation of precursors of estrogen synthesis as novel SR ligands [24, 58] . However, it remains to be established, whether 17b-estradiol is an endogenous hormone of animals other than chordates [6, 11, 60] . ER and SR group receptors of a wide range of animals will thus have to be characterized, both in vitro and in vivo, before any firm conclusions on the evolution of estrogen and steroid hormone functions should be drawn.
Irrespective of the precise model that allowed the elaboration of specific NR ligands, these examples nonetheless illustrate how the functional characterization of different amphioxus NRs has transformed our views on the origins of endocrine function [15] . One lesson that should be learned is that a relatively small number of mutations can produce a very significant functional divergence of seemingly conserved receptors [15] . This fact leads us to the second lesson that should be learned: the presence of key actors of a signaling pathway in the genome of a given species does not demonstrate the functional equivalence of this signaling system between the studied species and a model organism. Detailed biochemical and physiological analyses as well as functional studies on the molecular key components are required to appropriately assess the evolutionary conservation of the signaling pathway in question. For NR-controlled signaling systems this implies that, in addition to assessing the functions of the receptors, the enzymes involved in NR ligand metabolism also need to be characterized. This double-track approach is required, because the paucity of information about NR ligand biosynthesis, particularly in invertebrate taxa, currently renders the various theories of NR evolution very difficult to evaluate [6, 11] .
THE AMPHIOXUS NR1H RECEPTORS: LINEAGE-SPECIFIC DUPLICATES
The most remarkable secondary modification of the amphioxus NR complement can be observed in the NR1H group. In most vertebrate taxa, there are four NR1H group receptors: LXR, LXRb, FXR and FXRb (humans, for example, have secondarily lost the FXRb receptor) [61] . While the vertebrate LXRs are bile acid receptors, the vertebrate FXRs function as sensors for oxysterols and as such are implicated in fat metabolism and cholesterol homeostasis [61] . It is currently unknown, whether the ligand specificity of LXRs and FXRs is conserved outside vertebrates, but recent analyses of the NR1H group receptors from the ascidian urochordate C. intestinalis indicate that the LXR and FXR from this invertebrate chordate do not show a vertebrate-like ligand specificity, with C. intestinalis FXR, for example, being specifically activated by sulfated steroids [62, 63] .
As judged from a comparison of the NR complements of various metazoan taxa, the genome of the ancestral chordate probably encoded two NR1H receptors (one LXR and one FXR) [6, [13] [14] [15] . In contrast, the amphioxus genome contains 10 NR1H receptors, 8 of which located on 3 distinct genome scaffolds, strongly suggesting that the amphioxus NR1Hs originated by lineage-specific tandem duplication [21] . Given that an identical NR1H complement has been identified in both the Florida (B. floridae) and the European (B. lanceolatum) amphioxus ( Figure 3C ) [21] , this tandem duplication event must predate the divergence of the two species, which likely coincided with the formation of the Atlantic ocean [64] .
Lineage-specific expansions of NRs have also been reported in the nematode worm C. elegans, where duplication of a HNF4-like receptor resulted in more than 250 divergent copies in the genome [37] . In contrast to the amphioxus NR1H duplicates, the HNF4-like copies in C. elegans are dispersed in the genome and are extremely divergent in terms of protein sequence and gene expression [37, 65] . It has thus been hypothesized that the various HNF4-like receptors have very different functions in C. elegans [65] . In amphioxus, the functions of the NR1H duplicates have yet to be assessed, but phylogenetic analyses do tentatively suggest that one of the amphioxus receptors, NR1H-8, is orthologous to the vertebrate LXRs, while the other nine receptors reliably group with the vertebrate FXRs ( Figure 3C ) [21] . Given that the members of the NR1H group are very closely related, in phylogenetic terms, to the NR1I/J receptors, which have secondarily been lost in amphioxus, it is conceivable that one or several of the NR1H duplicates have assumed the functions of the lost NR1I/J [21] . Intriguingly, like amphioxus, sea urchins have also duplicated their NR1H receptors and concomitantly lost their NR1I/J complement (Figure 2A) , suggesting that the duplication of the NR1Hs might have functionally compensated the loss of NRI/J receptors independently in both taxa [6] .
The amphioxus NR1H duplicates might thus represent a good model for studying the impact of gene expansion on the evolution of ligand-binding capacities and biological functions in a group of receptors that, at least in vertebrates, function as intracellular sensors of steroid derivatives [6, 61] .
Taken together, the expansion of the NR1H receptors highlights that amphioxus is definitely not a living fossil and that its lineage-specific characters can be exploited to enrich our understanding of the mechanisms controlling species diversification. In this sense, although amphioxus is most generally used for identifying ancestral characters, this animal might also represent a very important model for understanding the functional divergence of genes following lineage-specific duplication [12] .
CONCLUSIONS
Although the functions of the majority of the 33 amphioxus NRs have yet to be assessed, the analyses carried out so far have yielded two main conclusions: (i) the plasticity of the main actors of signaling pathways is much wider than originally anticipated, which, in the case of the amphioxus NRs and their ligands, implies that changes of ligand selectivity, including loss and gain of ligand-binding, might have contributed significantly to the diversification of the endocrine system in metazoans [66] ; (ii) integrative comparative approaches using a variety of organisms placed in a coherent phylogenetic framework are very useful to address questions concerning the evolutionary diversification of biological systems [11] . As new models are being developed, evolutionary scenarios can be refined and our understanding of the emergence of novel features increases. Coming back to the amphioxus NR example, it seems evident that what has been discovered so far merely represents the tip of the iceberg and that in depth in silico, in vitro and in vivo analyses (including synteny, receptor-ligand interaction, protein crystallography and gain or loss of function studies) will be required to further our understanding of NR evolution in amphioxus and beyond.
Key Points
Amphioxus has a total of 33 NRs, which is more than expected based on its phylogenetic position. Amphioxus has representatives of all major NR groups, excepting NR1E and NR1I/J. The amphioxus NR complement has undergone some secondary modification, most notably by duplication of receptors of the NR1H group. Amphioxus NRs are valuable models for studying the evolutionary interplay between receptors and their ligands. Integrative comparative approaches are required for a detailed assessment of the evolutionary plasticity of receptor^ligand interactions.
